Abstract This study investigates the effect of oxidatively modified low density lipoprotein (OxLDL) on the biomechanical properties of human aortic endothelial cells (HAECs). We show that treatment with OxLDL results in a 90% decrease in the membrane deformability of HAECs, as determined by micropipette aspiration. Furthermore, aortic endothelial cells freshly isolated from hypercholesterolemic pigs were significantly stiffer than cells isolated from healthy animals. Interestingly, OxLDL had no effect on membrane cholesterol of HAECs but caused the disappearance of a lipid raft marker, GM 1 , from the plasma membrane. Both an increase in membrane stiffness and a disappearance of GM 1 were also observed in cells that were cholesterol-depleted by methyl-b-cyclodextrin. Additionally, OxLDL treatment of HAECs embedded within collagen gels resulted in increased gel contraction, indicating an increase in force generation by the cells. This increase in force generation correlated with an increased ability of HAECs to elongate and form networks in a three-dimensional environment. Increased force generation, elongation, and network formation were also observed in cholesterol-depleted cells. We suggest, therefore, that exposure to OxLDL results in the disruption or redistribution of lipid rafts, which in turn induces stiffening of the endothelium, an increase in endothelial force generation, and the potential for network formation.
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Recent studies have shown that exposure of ECs to OxLDL, rather than enriching the cells with cholesterol, removes cholesterol from cholesterol-rich membrane domains (lipid rafts) and induces the internalization of these domains (9, 12) . One of the important remaining questions is how OxLDL-induced changes in endothelial cholesterol affect the biomechanical properties of these cells. Our recent studies have shown that, in contrast to artificial lipid bilayers, in which removal of cholesterol decreases the stiffness of membrane lipid bilayers (13) , ECs become stiffer upon cholesterol depletion (14, 15) . Because it is known that cellular stiffness/deformability depends strongly on the submembrane cytoskeleton (16, 17) , an increase in cellular stiffness suggests that cholesterol removal alters the biomechanical properties of the membrane-cytoskeleton complex and makes it stiffer.
Importantly, recent studies have indicated that increased cellular stiffness is correlated with the magnitude of forces that cells exert on substrates (18) . Cell-derived forces in turn result in matrix compaction and remodeling (19) . Furthermore, it was shown that across different human EC lines (large vessel, microvascular, and bloodderived), force generation correlated with the extent to which the cells formed three-dimensional networks in collagen gels (20, 21) , an established in vitro model of EC morphogenesis. Many in vivo processes can be recapitulated in this system, including endothelial cell elongation, lumen formation, and cell-cell interactions, all suggestive of increased angiogenic potential. This system has been used to investigate multiple endothelial functions, including the mechanisms of action of angiogenic growth factors and angiogenesis inhibitors (22, 23) . Our study shows that exposure to OxLDL increases both the stiffness and the forces exerted by the cells on the substrate and facilitates EC network formation.
METHODS

Cells
Human aortic endothelial cells (HAECs; BioWhittaker, Rutherford, NJ) were maintained between passages three and five in 2% fetal bovine serum endothelium growth medium-2 (EGM-2; Cambrex), as described previously (24) .
Pig aortic endothelial cells (PAECs) were isolated from aortas of normal and hypercholesterolemic Yorkshire pigs. Briefly, the pigs were fed either standard low-cholesterol chow (control group) or high-cholesterol chow supplemented with 10% lard and 0.5% cholesterol for 3-6 months. The high-cholesterol diet resulted in a significant increase in the level of plasma cholesterol (z300 mg/dl), whereas in control pigs cholesterol remained at ,100 mg/dl. PAECs were isolated by gentle mechanical scraping on the inner surface of aortas immediately after sacrifice, as described previously (25) . The purity of endothelial cells was verified by staining the cells with two endothelial markers: platelet endothelial cell adhesion molecule (PECAM) and von Willebrand factor (.95% of cells were positive for both markers and negative for smooth muscle actin). The protocol was approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. The University of Pennsylvania is Association for Assessment of Laboratory Animal Care (AALAC)-accredited.
Cholesterol reagents
LDL and OxLDL (Biomedical Technologies, Stoughton, MA) were dissolved in EGM-2 supplemented with 0.2% FBS to a final concentration of 10-50 mg/ml. Thiobarbituric acid-reactive (TBAR) substances were assayed as a measure of oxidative lipid modification. Methyl-b-cyclodextrin (MbCD; Sigma Chemical, St. Louis, MO) was also dissolved in 0.2% or serum-free EGM-2.
Micropipette aspiration
Micropipette aspiration of substrate-attached endothelial cells was performed as described in our earlier study (15) . Briefly, the membranes were visualized with a fluorescent membrane dye, carbocyanide DiIC 18 (Molecular Probes, Eugene, OR), and then aspirated using micropipettes with 3-5 mm outer diameter pulled from borosilicate glass capillaries (SG10 glass; Richland Glass, Richland, NJ). Negative pressure was applied to a pipette by a pneumatic transducer tester (BioTek Instruments, Winooski, VT).
Cholesterol measurement and cholera toxin staining
Cholesterol was measured with the Amplex Red cholesterol assay kit (Molecular Probes) according to the manufacturer's specifications. EC membrane fractions were isolated using a detergent-free method, as described (26) . Localization of GM 1 was determined by incubating HAECs with Alexa 488-conjugated cholera toxin (Molecular Probes) at a concentration of 50 mg/ml in 0.1% BSA for 40 min on ice. Cells were then washed, mounted, and viewed using a Zeiss Axiovert 100TV microscope (Zeiss, Jena, Germany). For analysis, 20 images were taken per experimental condition, and the average fluorescence intensity was determined using Meta-View software.
Preparation of gels and visualization of embedded endothelial cells
Collagen gels were prepared according to the manufacturer's instructions to a final collagen concentration of 1.5 mg/ml (Becton Dickinson, Franklin Lanes, NJ). HAECs were seeded into gel mixtures at 1 3 10 6 /ml, and gels were allowed to polymerize for 45 min at 378C in well plates. Thereafter, the gels were mechanically loosened from the sides of the wells, and growth medium supplemented with vascular endothelial growth factor, basic fibroblast growth factor (R&D Systems, Minneapolis, MN), and phorbol myristate acetate (Sigma Chemical) at concentrations of 50 mg/ml each was added. Gels were cultured for 48 h and imaged with a Nikon Coolpix 4500 digital camera, and gel contraction was quantified using Scion Image (Las Vegas, NV).
To visualize the cells, gels were fixed in 4% paraformaldehyde for 40 min, stained for 5 min in 0.1% toluidine blue, which stains cells darkly and extracellular matrix faintly, or treated for 40 min in 1 mM rhodamine-phalloidin (Molecular Probes). Images of toluidine blue staining were obtained at 103 magnification to observe EC networks, whereas actin images were obtained at 633 magnification to observe cell-cell connections (Zeiss Axiophot microscope; Zeiss, Thornwood, NY). For network quantification, five images were taken per gel from three gels per experimental condition, threshholded, made binary, and skeletonized using built-in Scion Image functions as described previously (20) . For lumen visualization, gels were fixed, dehydrated, embedded in paraffin, sectioned, and stained with Masson's trichrome blue (Richard-Allen Scientific, Kalamazoo, MI). Lumens were defined as collagen-free areas surrounded by cellular bodies. Ten micrometer sections were cut from each gel, and 15 images containing one or more lumens were taken per experimental condition using 103 magnification.
RESULTS
OxLDL increases cellular stiffness of HAECs
HAECs were exposed to 10-50 mg/ml OxLDL, levels similar to the circulating levels of OxLDL in human plasma (7-35 mg/ml) (27) . Similar to earlier studies (9, 11) , the oxidation state of LDL was 10-15 nmol/mg protein TBAR, consistent with the LDL oxidation level reported for atherosclerotic lesions (11 nmol/mg protein TBAR) (3). Two types of controls were used in this study: exposure to the same levels of nonoxidized LDL, and exposure to the growing medium alone. Representative images and the time courses of membrane deformation show that membrane projections in OxLDL-treated cells were significantly shorter than in cells treated with nonoxidized LDL or in cells that were exposed to medium alone, indicating that OxLDL-treated cells were less deformable than the other two experimental cell populations (Fig. 1) . Membrane deformation was analyzed at 2-5 mm Hg negative pressure because in HAECs, membrane projections typically started to develop at 22 mm Hg and could be maintained at 25 mm Hg, whereas higher pressures resulted in breakage of the membrane. Significant differences between the lengths of membrane projec-tions were observed at both pressures. Noteworthy, the stiffening was observed after 1 h of OxLDL exposure, and no further effect developed after prolonging the exposure to 6 h (Fig. 2) . No difference was observed between 10 and 50 mg/ml OxLDL (data not shown).
Plasma hypercholesterolemia increases EC stiffness in vivo
There is a general consensus that OxLDL is one of the major factors in hypercholesterolemia-induced cellular dysfunction and that the levels of OxLDL increase in hypercholesterolemic plasma. Specifically, strong increases in OxLDL were reported in plaques of diet-induced atherosclerotic miniature pigs (high-cholesterol diet for 3-6 months) (4) and hypercholesterolemic rabbits (3) as well as in plasma of hypercholesterolemic monkeys maintained on a high-cholesterol diet for 32 months (5). Therefore, we compared the stiffness of endothelial cells freshly isolated from the aortas of control and hypercholesterolemic pigs within 24 h after isolation. Representative images and time courses of membrane deformation of cells isolated from normal and hypercholesterolemic pigs are shown in Fig. 3 . Cells appear rounded as they were aspirated within 24 h of isolation. In general, PAECs were stiffer than HAECs, so that the membrane could be deformed by applying at least 210 mm Hg, but the effect of plasma hypercholesterolemia on cell stiffness was similar to that of OxLDL. An increase in endothelial stiffness in OxLDL-induced stiffening of HAECs can be simulated by cholesterol depletion To test further the mechanism of OxLDL-induced endothelial stiffening, we investigated the relationship between OxLDL-induced stiffening and the level of cellular cholesterol. We have shown previously that endothelial stiffening is observed in bovine aortic endothelium when the cells are depleted of cholesterol but not when the cells are cholesterol-enriched (15). Furthermore, it was shown that exposure to OxLDL in vitro and hypercholesterolemia in vivo result in depleting cholesterol from endothelial caveolae (9, 28) . We hypothesized, therefore, that OxLDL may increase endothelial stiffness by depleting endothelial cholesterol. To address this hypothesis, we tested 1) whether OxLDL results in cholesterol depletion and/or redistribution of lipid rafts in HAECs, and 2) whether the effect of OxLDL on HAEC stiffness can be simulated by cholesterol depletion.
To determine the effect of OxLDL on the level of membrane cholesterol in raft and nonraft membrane domains, membrane fractions were prepared using a nondetergent separation method based on the differential buoyancy of cholesterol-rich and cholesterol-poor membrane domains. As expected, membrane cholesterol shows a clear double peak distribution between the fractions, with the major peak in high-buoyancy fractions (lipid rafts) and a minor peak in low-buoyancy fractions (nonraft). Indeed, also as expected, the high-buoyancy fractions were enriched in caveolin (data not shown). Exposure of HAECs to OxLDL, however, had no effect on the level of membrane cholesterol either in raft or nonraft membrane fractions (Fig. 4A) . The same results were obtained in four independent experiments. Importantly, exposure to OxLDL resulted in a decrease of surface expression of GM 1 (Fig. 4B) , a major lipid raft marker (29) , suggesting that OxLDL induces the internalization of caveolae/lipid rafts. Depleting cholesterol with MbCD resulted in a similar effect on GM 1 . This is consistent with earlier studies demonstrating the internalization of caveolae/lipid rafts in OxLDL (9, 12) and in MbCD-treated cells (30) .
To address the second question, the level of cellular cholesterol in HAECs was either chronically depleted by serum starvation for 24 h or acutely depleted by exposure to MbCD, resulting in an z40% or 80% decrease in cholesterol, respectively (Fig. 5, top) . A decrease in cellular cholesterol resulted in a proportional increase in cell stiffness, as demonstrated by the representative images of control, serum-starved, and MbCD-treated cells (Fig. 5A ) and by the average time courses of membrane deformation of the same three cell populations (Fig. 5B) . In this series of experiments, cell stiffness was compared only at 25 mm Hg, because no aspiration was observed in MbCDtreated cells at lower pressures. Thus, our results show that although OxLDL had no significant effect on cholesterol levels of both raft and nonraft membrane fractions, its effect on HAEC stiffness could be simulated by both chronic and acute cholesterol depletion. Furthermore, when the cells were simultaneously exposed to OxLDL and depleted of cholesterol (by 24 h serum starvation), no additional stiffening was observed (data not shown), suggesting that OxLDL and cholesterol depletion affect endothelial stiffness through a common pathway.
OxLDL and cholesterol depletion increase force generation
The correlation between HAECs' stiffness and their ability to generate force on the cell-substrate interface was tested by measuring gel contraction by HAECs, as described previously (19, 20) . As expected, seeding the cells into gels resulted in gel contraction under all experimental conditions (Fig. 6A ; compare the gel that contains no cells with the rest of the gels). Importantly, however, cells that were pretreated with OxLDL or MbCD showed significantly greater gel contraction, as indicated by a decrease in gel area (Fig. 6A, B) . As the same number of cells were seeded into each gel, these observations suggest that the contractile forces that OxLDL-treated and MbCDtreated cells applied to their substrates were stronger than the forces applied by control cells.
OxLDL and MbCD facilitate the formation of an EC network
Similar to other types of endothelial cells, HAECs embedded in collagen gels form lumens clear of collagen . I) , the degree of cell connectivity and elongation was significantly enhanced by OxLDL and MbCD. The difference between control and OxLDL or MbCD conditions is apparent from the images of the EC networks within the gels (Fig. 7A) : whereas there are relatively few connecting cells in control gels, there are multiple connections in both OxLDL-and MbCD-treated cells. It is also apparent that the cells are more elongated under these conditions. To quantify these effects, the images were skeletonized, as recently described (20) . The more elongated the cells are and the more connections they form, the longer are the uninterrupted lines in the skeletonized images. Therefore, the average length of the skeletonized image, a measure of the length of uninterrupted lines, was suggested to be an index of network formation. Our observations show that exposing HAECs to OxLDL or to MbCD resulted in doubling of the average length of skeletonization index, suggesting that OxLDL and cholesterol depletion have similar facilitatory effects on the ability of HAECs to form endothelial networks.
DISCUSSION
The goal of this study was to investigate the effects of OxLDL on biomechanical properties of vascular tissues at the cellular level. The main findings of this study are as follows: 1) exposing HAECs to OxLDL results in strong cell stiffening; 2) significant stiffening is also observed in PAECs freshly isolated from hypercholesterolemic pigs; and 3) endothelial stiffening is accompanied by an increase in force generation and the ability of cells to form endothelial networks. We also show that all of the effects of OxLDL described above can be simulated by cholesterol depletion. We suggest, therefore, that OxLDL disrupts the integrity of endothelial lipid rafts, which in turn affects endothelial biomechanical properties and network formation. This is the first study to investigate the impact of OxLDL on endothelial biomechanics and its relationship to the formation of endothelial networks. Multiple studies have demonstrated the presence of OxLDL in plasma and atherosclerotic lesions (3, 4, 31) . In this study, low-passage HAECs, the best available cell model of human aortic endothelium, were exposed to a level of OxLDL similar to that in human plasma. Our data show that a short exposure to OxLDL was sufficient to cause significant endothelial stiffening, and a similar effect was observed in hypercholesterolemic pigs before the development of atherosclerotic lesions. Together, our in vitro and ex vivo data suggest that endothelial stiffening occurs in the early stage of atherosclerosis in vivo.
What are the possible mechanisms underlying the OxLDL-induced increases in endothelial stiffness and force generation? First, we considered the possibility that OxLDL may cause these effects by inducing cholesterol depletion. This hypothesis was based on two premises: 1) earlier studies have shown that exposing endothelial cells to OxLDL or to oxidized phospholipids results in cholesterol depletion, particularly reducing the level of cholesterol in caveolae/lipid raft fractions (9, 32); and 2) our observations that both the stiffening and the force generation effects are induced by depleting cellular cholesterol with MbCD. However, exploring this hypothesis by measuring cholesterol levels in different membrane fractions in OxLDL-treated cells, we have shown that exposure to OxLDL has no effect on cholesterol levels, either in low-density or high-density membrane fractions. Instead, we observed that both OxLDL exposure and MbCD-induced cholesterol depletion result in a decreased surface expression of GM 1 , suggesting that lipid rafts were internalized, as described previously. Interestingly, ECs covering fatty streaks in vessels of cholesterol-fed rabbits have fewer caveolae, an effect that was simulated by cholesterol depletion in cultured ECs (33) . We suggest, therefore, that the similarity between the effects of OxLDL and MbCD on HAEC biomechanics may be attributable to the redistribution of cellular cholesterol and the internalization of lipid rafts, which are known to modulate the coupling between the plasma membrane and the submembrane cytoskeleton (34) (35) (36) . More specifically, we suggest that the stiffening effects may be related to the redistribution of a regulatory phospholipid, phosphatidylinositol bis phosphate, as was demonstrated for the cholesterol depletion-induced decrease in the lateral mobility of membrane proteins in fibroblasts (34) . More studies are needed to test these hypotheses.
An increase in EC force generation was shown to facilitate the propensity of endothelial cells to form endothelial networks (20) . Because neovascularization occurring in atheromatous lesions is one of the major complications of atherosclerosis (37) (38) (39) , it is important to determine how OxLDL-induced changes in EC biomechanics affect the potential for network formation. Several earlier studies have investigated the impact of OxLDL on different aspects of angiogenesis, such as endothelial cell proliferation (40) (41) (42) (43) (44) , motility (10, 45, 46) , and morphogenesis (11) , but the findings are controversial. Specifically, although some studies have shown that OxLDL induces endothelial cell proliferation (42) (43) (44) and an increase in cell size (44) , other studies have shown that OxLDL inhibits endothelial cell proliferation (40, 41) or even induces apoptosis (47, 48) . It has been suggested that these discrepancies may be attributable to differences in OxLDL levels and exposure times and/or to interplay with other factors. In terms of cell motility and endothelial cell migration, the effect of OxLDL was shown to be inhibitory in an in vitro "scratched wound assay" (10, 45, 46) , but there is still no sufficient information available about the effects of OxLDL on endothelial migration in threedimensional cultures. Our study examines the effect of OxLDL on endothelial elongation (morphogenesis) and the formation of endothelial networks within a threedimensional gel. Specifically, we show that although the number of lumens, which are formed from single cells (49, 50) , is unaffected by OxLDL or MbCD, elongation of the cells is strongly facilitated.
On the surface, these observations are not consistent with the conclusion of an earlier study by Wang, Yang, and Chen (11) , which reported that exposure to OxLDL resulted in a dose-dependent inhibition of endothelial cells isolated from human umbilical vein. However, the inhibitory concentrations of OxLDL used in that study (.200 mg/ml cholesterol) were much greater than those of the present study or in vivo. Specifically, the levels of OxLDL found in human plasma range between 7 and 35 mg/ml protein, which would correspond to z15-75 mg/ml total cholesterol [an LDL particle contains z47% cholesterol (9% and 38% unesterified cholesterol and cholesteryl ester respectively), z11% triglyceride, z22% phospholipid, and z21% protein (51)]. It is noteworthy that, although not commented on by the authors (11), the lowest concentration of OxLDL tested increased the elongation of endothelial cells in another study, as we report here. Importantly, because an increase in endothelial elongation is generally believed to be one of the prerequisites of capillary network formation, we suggest that an OxLDL-induced increase in endothelial stiffness and force generation may facilitate neovascularization of the lesions. These observations support the concept that it is the interplay between the soluble and the mechanical signals and cell-matrix interactions that play the key role in the regulation of angiogenesis (52) . It is also important to note that endothelial morphogenesis is only one of the important steps of capillary formation, and further studies are needed to investigate the role of cellular biomechanics in the regulation of endothelial proliferation and migration under different cholesterol conditions.
